Astronomy & Astrophysics manuscript no. 
(will be inserted by hand later) 



o 
o 
o 

o 

Q 

OS 



> 
(N 
oo 
m 
so 
O 
O 
O 

Oh 
6 



13 



Spectroscopic confirmation of a cluster of galaxies at z = 1 in 
the field of the gravitational lens MG2016+112 * 

G. Soucail 1 , J.-P. Kneib 1 , A. 0. Jaunsen 2 ' 3 , J. Hjorth 4 ' 5 ' 3 , M. Hattori 6 , and T. Yamada 6 

1 Observatoire Midi-Pyrenees, Laboratoire d'Astrophysique, UMR 5572, 14 Avenue E. Belin, F-31400 Toulouse, 
France 

2 Institute of Theoretical Astrophysics, University of Oslo, Pb. 1029, Blindern, N-0315 Oslo, Norway 

3 Centre for Advanced Study, Drammensvn. 78, N-0271 Oslo, Norway 

4 Astronomical Observatory, University of Copenhagen, Juliane Maries Vej 30, DK-2100 Copenhagen 0, Denmark 

5 NORDITA, Blegdamsvej 17, DK-2100 Copenhagen 0, Denmark 

6 Astronomical Institute, Tohoku University, Aoba Aramaki, Sendai 980-77, Japan 

Received June 27, 2000 / Accepted December 13, 2000 

Abstr act. We present new optical data on the cluster AX J2019+1127 identified by the X-ray satellite ASCA at 



z ~ 1 Hattori et al. (1997 ). The data suggest the presence of a high-redshift cluster of galaxies responsible for the 
large separation triple quasar MG201 6+112. Our deep photometry reveals an excess of z ~ 1 galaxy candidates , 



as already suspected by Bem'tez et al. Bem'tez, Broadhurst, Rosati, Courbin, Squires, Lidman, & Magain (1999). 
Our spectroscopic survey of 44 objects in the field shows an excess of 6 red galaxies securely identified at z ~ 1, 
with a mean redshift of z — 1.005 ± 0.002. We estimate a velocity dispersion of a — 77l! 4 gQ kms -1 based on 
these 6 galaxies and a V-band mass-to-light ratio of 215I77 8 ^50 (M/ Lv)@- Our observations thus confirm the 
existence of a massive structure acting as the lens, which explains the unusual configuration of the triple quasar. 
Hence, there is no need to invoke the existence of a "dark cluster" to understand this lens system. 
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1. Introduction 

Gravitational lensing is an efficient way to probe the mass 
content of the Universe. It acts on many scales, from 
dark stellar-m ass objects to the largest massive structures 
Mcllier (1999 ). Some of the most spectacular examples 
of this phenomenon are t he multiple quasar systems al- 
ready known for 20 years Walsh et al. (197S ). However, 
in most cases simple lens models cannot reproduce the 
image geometry and flux ratios, unless an additional ex- 
ternal component such as external shear is included in the 
modeling Keeton et al. (1997 ). Furthermore in the cases 
of large-separation multiple quasars, the mass-to-light ra- 
tio of the main galaxy lens is generally much higher than 



laxies: clusters: general - galaxies: clusters: individual: 



what is usually expected for a galaxy. As an example, 
the double quasar Q0957+561, with a separation of 6", is 
well explained with a deflector corresponding to a massive 
and bright galaxy combined with the additional effect of a 
cluster of galaxies centered on it (Bernstein & Fisher 1999, 
and references therein). This cluster was indeed spectro- 
scopicall y confirmed at the redshift of the main galaxy 

In general, it is 



deflector |Angonin-Willaimc et al. (1 
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becoming evident that the likely explanation of the ex- 
ternal shear necessary to understand the wide separation 
lensing configurations is the existence of a group/cluster 
near the line of sight of these multiple quasars. In partic- 
ular, cluster mass distributions have been detected in sev- 
eral other wide-separation multiple quasars such as the so- 
called "Cloverleaf" |Kncib et al. (1998Q and RX J09 11+05 
Burud et al. (199S| ); lKncib et al. (2000| ). 



A mysterious system in this respect is the triple quasar 
MG20 16+112 (z = 3.26). It was discovered by Lawrence 



Spani 



et al. Lawrence, Schneider, Schmidt, Bennett, Hewitt 



Institu te de Astrofisica de Canarias. Based on observations Burke, Turner, fc Gunn (1984J) and studied in more de 



with t he Canada-France-Hawaii Telescope at Mauna Kea, tail by Schneider et al. |Schncidcr, Lawrence, Schmidt 



Hawaii, USA 



Gunn, Turner, Burke, fc Dhawan (1985 ); Schneider, Gunn 
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Turner, Lawrence, Hewitt, Schmidt, & Burke (1986) in the 
optical and by Garret et al. fclarrctt, Muxlow, Patnaik, fc 



Walsh |(1994| ); parrett, Porcas, Nair, fc Patnaik (1996j ) in 
the radio. The third image named C presents a complex 
structure, suggesting some differential magnification of the 
source within each image. Deep imaging revealed the exis- 
tence of a giant elliptical galaxy at z ~ 1.01 named D and 
located between the 3 images. It is identified as partly re- 
sponsible for the multiple lensing of the quasar, although 
its mass is insufficient to explain the complex nature of 
the lensed images of MG2016+112. Detailed modeling re- 
quires another source of lensing mass, such as the mass 



of a rich cluster, centered on galaxy D |Narasimha et al 
(1987|]] In order to reveal the exact nature of the lens, deep 
X-ray searches have been attempted to probe hot intra- 
cluster gas. A positive X-ray detection of a clu ster-like 
emission was obtained, centered on MG2016+112 Hattori 



et al. (1997). The X-ray characteristics (notably an emis- 



sion line at 3.49^;^ keV and the extended nature of the 
emission) indicate that AX J2019+1127 is an X-ray clus- 
ter of galaxies at z ~ 1. The X-ray temperature related 
to this emission gives /cT = 8.613 Q keV and an X-ray 
luminosity L x = 8.41^ erg s _1 in the 2-10 keV 
band, quite compatible with the hx~Tx relation for clus- 
ters of galaxies Markevitch (1998 ) . The mass derived from 



the X-ray analysis is about 3 x 10 h 50 M Q within 500 
h^ kpc, a typical value for rich clusters of galaxies with 



velocity dispersion of ~ 1200 kms 
served a — Tx relation, Girardi et al. 



(assuming the ob- 
1996). A re-analysis 



of the HRI/ROSAT imaging [Bemtez et al. (1999| ) seems 
to slightly decrease the expected cluster mass, without 
rejecting its detection. In addition, deep near-IR imag- 
ing of the field was used to identify a 'red sequence' in 
the color-magnitude diagramme, presumably due to early- 
type galaxies in the cluster. 

Recently, Clowe et al. Clowe, Trentham, fc Tonry 
(20000 revisited the Bemtez et al. optical data, comple- 
mented with ultra-deep Keck R-band images. Again a se- 
quence of cluster galaxies was clearly identified and its spa- 
tial distribution analyzed. More interesting is their weak 
lensing analysis of the faint galaxies from the R-band im- 
age, which seems to give a signal in the field. Its center 
appears offset about 1' North of MG2016+112 itself and 
its mass is consistent with the mass inferred from X-ray 
data. The authors claim they can rule out a mass centered 
exactly on MG2016+112, at a 2a level. Complementary 
data are clearly required to better quantify these prelimi- 
nary results of relatively low significance. 

In this paper, we present new spectroscopic observa- 
tions in the field of this peculiar lens, aimed at identifying 
the lensing cluster. Observations and data reduction are 
described in Section 2, the results are presented in Section 
3. Section 4 presents a preliminary analysis of the lensing 
cluster identified at z ~ 1. Section 5 gives some conclu- 
sions and prospects in the understanding of this object. 

Throughout the paper, we use a Hubble constant of 
H = 50 h 50 km s" 1 Mpc -1 , with A = and fi = 1- At 



the cluster redshift [z = 1), 1" corresponds to 8.52 h 5 Q 
kpc and 1 h$ Mpc covers 2'. 

2. Observations and data reduction 

2.1. Photometry 

The imaging data were obtained in R and I-bands in 
June 1996 at the Nordic Optical Telescope, using the 
HiRAC instrument with a LORAL 2kx2k CCD, giving 
a pixel size of 0'.'107. The data reduction was performed 
in the IRAFQ environment. Observations of M92 at vari- 
ous airmasses provided a calibration to the Landolt sys- 
tem Landolt (1992) based on CCD photometry of the 



field (L. Davis, private communication). The zero-point, 
color coefficient and extinction was then computed using 
the PH0TCAL package. In the relatively crowded field of 
MG2016+112 bright foreground stars with a significant 
PSF tail extending to many tens of arc-seconds hampered 
conventional photometry of the much fainter galaxies of 
interest. Moreover, PSF subtraction of point sources in 
the combined image proved difficult due to interpolation 
artifacts during the image mapping to a common coor- 
dinate system. Instead the bright unsaturated stars were 
removed by PSF subtraction on the individual images. To 
compensate for possible PSF variations in the field we ex- 
perimented with both a constant and second order vary- 
ing PSF. No significant differences were detected, how- 
ever, and the constant PSF was therefore used. The spa- 
tial image transformations determined from the pre-PSF 
subtracted images were then applied and combined to get 
the final R and I images. The FWHM of unsaturated stars 
in these images were found to be 0'.'75 and 0'.'69 in the R 
and I-bands, respectively. 

Galaxy photometry was computed using the 



MAG_ BEST estimate from SExtractor [Bcrtin fc Arnoute 
(1996| ) an( i transformed to the standard Landolt system 



using the derived photometric transformation. The photo- 
metric catalogue was not corrected for Galactic extinction 
although for this particular field, the correction could 
be as high as 0.5 magnitude, depending on the filter. 
Finally conversion to AB magnitudes was done using 
coefficients (cr = 0.169, Ci = 0.432) given in Fukugita 



et al. Fukugita, Shimasaku, & Ichikawa (1995). A total of 
7 R-band images (4500 sec) and 10 I-band images (6000 
sec) were combined reaching 3cr sky limits of 25.4 and 
25.3 within the seeing disk (1.5xFWHM), respectively. 
A significant fraction of faint (cluster member) galaxies 
are expected to remain undetected owing to the strong 
halos of saturated stars in the field and the fact that the 
photometry of the field is not extremely deep. 

2.2. Spectroscopy 

Spectroscopic data were acquired on the nights August 2— 
4, 1997 at the Canada-France-Hawaii Telescope with the 

IRAF is distributed by NOAO, which are operated by 
AURA, Inc., under cooperative agreement with NSF. 
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OSIS multi-object spectrograph Le Fevrc et al. (1994). A 
tip-tilt correction is introduced thanks to the guiding on 
a selected star in the field. The seeing is then significantly 
improved (~ 0'.'5 measured on our images), increasing the 
detectivity of the instrument for faint object spectroscopy. 
We used the 2048 x 2048 STIS2 thinned CCD, with pixels 
of 21 /im (or 0'.'151 on the sky) covering a field of view of 
3'6 x 3'.6. We also used the R150 grism, giving a useful 
spectroscopic signal from 4500 to 9000 A and a dispersion 
of 3.7A/pixel. The slits were 10" long and l'.'O in width, 
giving a final instrumental resolution of 18A. Two masks 
were punched with 19 slits and 18 slits respectively, and 
observations were obtained for 21600 seconds for Maskl 
(6 exposures) and 23400 seconds for Mask2 (7 exposures) 
in good weather conditions with seeing ranging from 075 
to (f.'8. The spectroscopic targets were selected from the 
photometric catalogue, with the following criteria: 22 < 
Iab < 23.3 and (R — I)ab > 0.5, with a careful selection 
of resolved objects. These criteria were optimized to avoid 
a strong contamination of the sample by the faint stars 
crowding at this low galactic field, and to increase the 
chance of selecting high redshift galaxies. 

Data were reduced with the MULTIRED package Le 
Fevre it al. (1995). Spectra were bias-subtracted, flat- 
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Fig. 2. Redshift Histogramme of our spectroscopic sam- 
ple. The bin width was adjusted to correspond to 2000 km 
s _1 at the cluster redshift. 



3. The lensed source MG2016+112 

Most of our results on the multiple images of the ra- 
dio source MG2016+112 are presented in Yamada et al. 



fielded and extracted. The wavelength calibration gave 
typical internal errors of ~ 0.3 A. The spectra were finally 
rebinned to a dispersion of 6 A/pixel, better matched to 
the resolution of the instrument. We encountered some 
difficulties with the flux calibration in the red end of the 
spectra because no order-separating filter was used. So 
contamination by the second order contribution was sig- 
nifican t above 7500-8000A , giving lower confidence to the 



Yamada, Yamazaki, Hattori, Soucail, fc Kneib (200C ) who 
study in detail the emission-line properties of the images 
B and C. Note that this is the first spectrum of C ob- 
served in the optical (Fig. 0), after its identification as a 



third image by its Ly a emission Schneider et al. (1986 ) 
and its radio emission |Garrett et al. (1994 ). The higher 
resolution of our spectrograph compared to the spectrum 
of B presented in Schneider et al. [Bchncidcr, Lawrence" 



Schmidt, Gunn, Turner, Burke, fe Dhawan (1985[ ) allows 
to resolve the main emission lines and then to study the 
physics of the emitting regions in the source. 



flux calibration above this limit 

Finally, the redshift measurement of the spectra was 
done, using the RVSA02 . package |Kurtz fc Mink (1998|) 



and co rrelating the observed spectra with a set of stellar 



Schneider et al. Schneider, Gunn, Turner, Lawrence 



and galactic templates. Because of the low S/N for most Hewitt ' Schmidt, fc Burke (1986|) claimed that 2 objects, 



of the spectra, a visual check of the spectral identification 
was done carefully as well, in order to help the redshift 
measurement of the less significant spectra. 

Among the 44 spectra extracted (in some of the 37 
slits, more than 1 spectrum was extracted), 10 correspond 
to stars and 3 remain unidentified due to a poor S/N ra- 
tio, but these are most probably non-stellar. For the 31 
remaining spectra the redshift identification is presented 
m Table | and in Fig. |l|. The redshift distribution of these 
31 objects is shown in Fig. ^. The sample is far from com- 
plete in magnitude so no conclusion can be drawn on the 
redshift distribution of the galaxies along this line of sight. 
An excess of galaxies around z = 1 is, however, clearly 
seen and corresponds to the redshift of galaxy D already 
identi fied in Schneider et al. [Bchncidcr, Gunn, Turner, 



Lawrei.ce, Hewitt, Schmidt, & Burke (1986). Two other 
concentrations are suspected which are also spatially co- 
herent at z ~ 0.66 and z ~ 0.82, with a somewhat lower 
significance. 



labeled Al and Bl, detected close to the triple radio- 
source, were at the same redshift as the lensed source. 
They identified them from a narrow-band image of the 
field, centered on Lya redshifted to 3.26. A close look at 
our deep I and R images confirms the detection of Bl but 
not Al. Bl was positioned in one slit of Mask 2 and its 
spectrum (Fig. |J) confirms its redshift at z = 3.269, sim- 
ilar but different from MG2016+112. Note however that 
the emission- line properties of Bl are quite different from 
those of B, with only Lya in emission. SilV and CIV may 
be detected in absorption but with a lower confidence. If 
true, these lines are representative of a young stellar com- 
ponent in the source, rather than an active nucleus. 

4. The lensing cluster at z ~ 1 

In our spectroscopic sample, 9 objects have a redshift 
z ~ 1, with 8 new spectroscopic identifications (Fig. |J). 
This confirms that a coherent gravitational structure is as- 
soci atcd with object D, p reviously suspected as the main 
lens Hattori et al. (1997 ). Not surprisingly, these objects 
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Fig. 1. 1 image of the field of MG2016+112 from the NOT, with the location of the spectroscopically identified objects. 
The field of view of the image corresponds to 3.'5 x 3.'5, or a physical size of 1.75 /ijjj, 1 Mpc xl.75 h^Q Mpc at the 
cluster redshift. The seeing of this image is 0'.'7. North is up, East is left. 



are among the reddest ones in Table El This justifies a 
posteriori the color selection we introduced in the mask 
production. Moreover, if one concentrates on the objects 
selected in a 0.5 h§ Mpc radius around galaxy D, we note 
that all galaxies are at z ~ 1 except one at z = 0.52. As 
there are not many other red galaxies in this region, we 
may have identified most of the brighter cluster galaxies. 
In this respect deep IR imaging should help to identify 
fainter cluster members, because the foreground contam- 
ination j^ssshnporte^ 



their colors in the red and near-infrared. Of course this 
selection procedure favors old-type galaxies and avoids 
strong star-forming ones which are more likely mixed 
with field galaxies. We compared their sample with our 
spectroscopically confirmed cluster members and found a 
good agreement with their selected objects. In particu- 
lar we confirm the cluster membership of objects B5 (= 
M1.9, z = 1.001), B6 (= M1.13, z = 1.011) and B2 
(= M2JL1, z = 1.000), while we find a lower r edshift 
0.8231 for object labe led # 3 in Clowe et al. |Clowe 



From mulQculoi pholuiiielry only, Beiillez trt air 



Trcntham, fc Tonry (20~00| ). Note that their identification 



Bcm'tcz, Broadhurst, Rosati, Courbin, Squires, Lidman, fc 



Magai n (1999[) followed by Clowe et al. |Clowc, Trcntham 
& Ton y (2000 ) attempted to isolate cluster galaxies from 



was done after our preliminary results presented in the 
CFHT Inofrmation Bulletin (report # 38, 1998), so their 
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Table 1. Catalogue of the observed objects in the field of MG2016+112. The absolute coordinates of the objects are 
computed in the FK5 system. The magnitudes are computed in the AB system and are not corrected for galactic 
extinction. Object labelled M2_l has no magnitude because it falls out of the NOT field of view. Objects M2_13a and 
M2_13b are not deblended in the photometric catalogue, the magnitude given in the table corresponds to the sum of 
the two objects. 
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sequence may not be quite independent from our first re- 
sults. 

Among the 9 galaxies at z ~ 1, 4 galaxies (+ 2 more 
uncertain ones) show the [Oil] 3727A line in emission, 
indicating active star formation in these galaxies. This 
may be a sign of the relative youth of this cluster or sign 
of interaction between the galaxies and the intra-cluster 
medium. Note that similar trends were observed in a few 
other high redshifts clusters Postman et al. (199S ) . To ad- 



keep the total sample of 9 galaxies, we find a mean redshift 



dress in more detail the question of the evolution of galax- 
ies and their spectral content in high redshift galaxies, a 
large sample of cluster members should be analyzed spec- 
troscopically as well as through their optical and near-IR 
colors, including morphological information. This kind of 
data is now within the reach of 8-10m class telescopes 
equiped with optical and near-IR instruments. 

From a dynamical point of view, we can derive a rough 
estimate of the velocity dispersion, although with small 
numbers it is difficult to measure accurate properties. If we 



of z = 0.995 and a velocity dispersion of o\ 



2510 



-960 
-450 



km s _1 . The maximum difference is Av = 1/2 (v max — 
Vmin) = ±3500 km s _1 . These values are rather unrealistic 
for a well defined dynamical structure. But among our 9 
galaxies, 3 are isolated around a redshift z = 0.97, while 
the 6 others are spread around 2=1. We suspect the 
first 3 galaxies may belong to a small structure such as 
a group, spatially and dynamically close to the main one. 
But we are well aware that these assumptions are quite 
unsecure because of the small numbers. Considering then 
the 6 galaxies in the redshift range [1.0; 1.012] we find a 
mean redshift of z — 1.005, a velocity dispersion of ai os — 
77ll^gQ km s _1 and a velocity range: Av = ±900 km 
s . These values make more sense in view of the X-ray 
observations, although the error bars are still quite large. 
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z = 0.9659 z = 0.9749 z = 0.9793 
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Fig. 4. Spectra of the 9 galaxies identified as cluster members. The wavelength scale is in A. The spectra are flux 
calibrated (in erg s" 1 cm~ 2 A^ 1 ) and smoothed with a window corresponding to the resolution of the spectrograph. 
The main characteristic spectral lines (Mgll A2800, [Oil] A3727, the H&K Call lines, the 4000 A break, R5, the 
G-band and Hj) redshifted for each object are indicated as dashed lines. Galaxy D which is at the center of the lens 
MG2016+H2 is at redshift 1.0037. 



Using the virial theorem, we can estimate the mass 
of this system within the h armonic radius Rh defined as 
Nolthcnius fc White (198^ ): 



Rh = D A (z 



7T N m (N„ 



1) 



(1) 



where is the angular distance between galaxies i and j, 



may underestimate the virial mass determination because 
Rh is highly sensitive to close pairs and rather noisy. 

We can also compare our dynamical mass with the 
galaxy distribution to get an estimate of the mass-to- 
light ratio of the structure. Our own measure of the lumi- 
nosity of the 6 cluster members, corrected the same was 
as Benftez et al. Bcm'tcz, Broadhurst, Rosati, Courbin 



A r ,„ is I tho number of cluster members, and Da{z) is the 



angular diameter distance at the mean cluster redshift z. 
The cluster virial mass can then be estimated as 



Squires, Lidman, fc Magain (1999 ) [k-correction of 3.42 in 
V and 1.12 in I, average color index V — I = 3.2 for the 



M 



&o 2 R h 
G ' 



(2) 



With our sample of 6 galaxies, we find an harmonic ra- 
dius of Rh — 348 h^Q kpc and a virial mass of M = 
2.8ti'o 1Ql4 ^50 M 0- The error bars quoted in the virial 
mass correspond to the errors in the velocity dispersion 



measu re only. They do not include uncertainties due to the 



galaxies, average extinction correction Aj = 0.44 magni- 
tude] gives a total luminosity of Ly l = 7.6 x 10 11 h^LvQ 
for these galaxies. It is about 50% higher than the luminos- 
ity of their 9 cluster member candidates and 60% smaller 
than their extrapolated total magnitude. A more accu- 
rate luminosity function determination is necessary for a 
correct estimate of the total luminosity, and the M/L ra- 
tio. Following the reasonable total luminosity function of 
the cluster galaxies estimated by Bem'tez et al. Bcm'tcz 



harmo: tic radius although they may be significant, because 
of our very sm all sample of cluster members. As quoted -by 

Carlberg et al. Carlberg, Yee, Ellingson, Abraham, Gravel 



Broadhurst, Rosati, Courbin, Squires, Lidman, & Magain 



(1999D (Ly = 1.3 x 10 12 h^L VQ ) we find a mass-to-light 



ratio of 



Morris fc Pritchet (1996 ), the use of the harmonic radius (M/L\ 



215± 3 7 ? 8 h 



511 



(M/L 



v)q 
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high rcdshift clusters: Smail et al. Smail, Ellis, Dressier 



Couch, Ocmlcr, Sharpies, & Butcher (1997) find an aver- 
age M/Ly = 90 h 50 {M/L v ) e within 800 kpc foi 
their sample of clusters in the redshift range [0.2-0.5] 
while Carlberg et al. Carlberg, Ycc, Ellingson, Abraham 



Gravel, Morris, & Pritchet (1996) have a median value of 




M/L r = 143 h 50 (M/L V ) Q for the CNOC sa mple. For 
a more distant cluster (z ~ 1), Deltorn et al 



Deltorn 



SilV/OIV CIV Hell 



CHI] 
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3.oxio- 18 lyd SilV/OIV CIV H 




CHI] 



7000 8000 
wavelength (A) 



Fig. 3. Spectra of the objects labeled B (top) C (middle) 
and Bl (bottom). The signal above 7500 A is hardly sig- 
nificant for Bl and may be due to sky residuals. Most of 
the emission lines of B and C analyzed in Yamada et al. 
(2000) are indicated. 



This value can be compared with two other esti- 
mates proposed for this cluster. From the X-r ay emis- 
sion and the measurements of Hattori et al. Hattori 



Ikebe, Asaoka, Takeshima, Bohringcr, Mihara, Neumann] 



Schind cr, Tsuru, fc Tamura (1997) we find a value 



M x /L v = 224 h 50 (M/L V ) Q within a radius of 400 
kpc. Note that an error of a factor two occurs in the es- 
timate of Mx/Ly in Bemtez et al. Bcnitcz, Broadhurst, 



Rosati Courbin, Squires, Lidman, fc Magain (1999 ), due 



to an error in the conversion between h^o and /iioo units. 
From an extrapolation of their lens model they also find 
a lensing M/Ly, within a radius of 400 kpc of 186 
/150 (M/ Lv)q. Our determination falls within the same 
range as these two estimates. All of them are based 
on the cluster luminosity estimated by Bemtez et al. 
which is most probably underestimated because of the 
difficulties in selecting cluster members in the optical 
in this low galactic latitude field. In addition, no evolu- 
tion corrections are included, which at such high rcdshift 
would increase th e M/L ratio, typically by a factor of 2 



Smail et al. (1997[) . Better estimates will come from near- 



IR imaging where both effects are strongly reduced. In 
all cases, the M/L value proposed for MG2016+112 is 
slightly higher than other accepted values found in other 



Le Fevre, Crampton, & Dickinson (1997) find a slightly 
higher value of M/Lb — 200 /150 (M/Lb)q within a ra- 
dius of 400 h^Q kpc from 11 cluster members. In any case, 
MG2016+H2 is not a "dark cluster" anymore with a M/L 
ratio as high as 1000 as suspected initially when most of 
the light was concentrated on galaxy D. 

5. Conclusions 

We have presented a photometric and spectroscopic survey 
of the field around the triple lens MG2016+112. Our ob- 
servations confirm the identification of a massive cluster at 
z = 1.005 [Hattori et al. (1997|). With the identification of 6 



secure cluster members we have estimated the velocity dis- 
persion oios ~ 800km s -1 and used this to infer the virial 
mass associated with the cluster. Although we are well 
aware of the limitations due to the small number statistics 
of our sample in the analysis of the cluster mass, we also 
tried to compare with other estimates such as the mass 
inferred from the X-ray analysis or a weak lensing one. 
All the M/L ratios derived that way are consistent with 
each other. The value found {M/L = 215^? 8 h 50 (M/L) Q 
for the dynamical analysis) is also consistent with what is 
found in other high redshift clusters, although we cannot 
yet deduce any evolution in this ratio. But clearly the clus- 
ter around MG2016+112 is not a dark cluster anymore. 

To overcome most of the observational difficulties due 
to the low galactic latitude of the field, we underline the 
need of deep near-infrared imaging to increase the den- 
sity contrast of z = 1 galaxies clustered around the lensed 
source and to reduce the uncertainties in the luminosity 
function of these galaxies. A deeper spectroscopic follow- 
up with a spectrograph on a 8-10m telescope will also 
increase the identification of cluster members and a bet- 
ter dynamical analysis. Furthermore, deep X-ray observa- 
tions with the 2 new X-ray satellites, Chandra and XMM- 
Newton, will also increase the accuracy in the cluster X-ray 
emission (exact location of the center, good determination 
of the mass profile, better measure of the temperature and 
Fe abundance, etc.), leading to a more accurate cluster 
mass measure. 

As the number of clusters of galaxies at redshift z > 1 
is still small it is valuable to focus on their details to better 
understand the physical properties and the rate of evolu- 
tion, necessary to relate them to the local distribution of 
clusters of galaxies. Large separation quasars are probably 
a good alternative way to detect high redshift structures. 
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